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D-xylose isomerase (XI) is capable of sugar isomeri-
zation and slow conversion of some monosaccha-
rides into their C2-epimers. We present X-ray and
neutron crystallographic studies to locate H and D
atoms during the respective isomerization and epi-
merization of L-arabinose to L-ribulose and L-ribose,
respectively. Neutron structures in complex with cy-
clic and linear L-arabinose have demonstrated that
the mechanism of ring-opening is the same as for
the reaction with D-xylose. Structural evidence
and QM/MM calculations show that in the reactive
Michaelis complex L-arabinose is distorted to the
high-energy 5S1 conformation; this may explain the
apparent high KM for this sugar. MD-FEP simulations
indicate that amino acid substitutions in a hydropho-
bic pocket near C5 of L-arabinose can enhance sugar
binding. L-ribulose and L-ribose were found in fura-
nose forms when bound to XI. We propose that these
complexes containing Ni2+ cofactors are Michaelis-
like and the isomerization between these two sugars
proceeds via a cis-ene-diol mechanism.
INTRODUCTION
The bacterial and fungal metalloenzyme D-xylose isomerase (XI,
EC 5.3.1.5), first discovered in Aerobactor cloacae (Tsumura and
Sato, 1961), catalyzes the reversible aldose-ketose isomeriza-
tion of both D- and L-enantiomers of several hexose and pentose
monomeric sugars (Figure 1). Intensive research efforts are un-
derway to improve the suitability of XI for industrial applications
that include the conversion of D-xylose to D-xylulose during theStructure 22, 1287–13production of biofuels from lignocellulosic biomass (van Maris
et al., 2006, 2007), the conversion of D-glucose to D-fructose
during the production of starch-based high-fructose corn syrup
(Bhosale et al., 1996; Hartley et al., 2000), and perhaps ironically,
the treatment of human gastrointestinal problems due to fruc-
tose malabsorption (Komericki et al., 2012). In addition to isom-
erization, it has been shown that XI catalyzes the epimerization of
the D- and L-forms of xylose and arabinose, thereby producing
the C-2 epimers lyxose and ribose, respectively (Figure 1), and
this has attracted further industrial attention (Pastinen et al.,
1999a, 1999b); L-ribose in particular, an unnatural enantiomer
of D-ribose, has important commercial and biomedical potential
as a precursor for the synthesis of different antiviral and anti-
cancer drugs (Okano, 2009).
L-ribose can be synthesized from L-arabinose by multistep
chemical epimerization using transition metal catalysts (Zemek
et al., 1975; Akagi et al., 2002; Jeon et al., 2010) or from other
sugars by a series of chemical reactions (Yun et al., 2005; Perali
et al., 2011), but these approaches require purified substrates
that reduce cost-effectiveness. An advantage of alternative
biotechnological approaches is that enzymes can work effec-
tively on crude biomass pulps or hydrolysates, e.g., beet pulp,
which contains 20% L-arabinose (Helanto et al., 2009; Hu
et al., 2011). Crystalline cross-linked XI from Streptomyces rubi-
ginosus (Leisola et al., 2001; Jokela et al., 2002) has been
commercialized to produce L-ribose fromL-arabinose.However,
the epimerization reaction is slow, requires elevated tempera-
tures, and the equilibrium mixture contains 53% L-arabinose,
22% L-ribulose, and 25% L-ribose.
One approach to improving the suitability of XI for commer-
cial production of L-ribose is protein engineering. However,
high-throughput engineering using directed evolution has had
limited success so far in improving the isomerization reaction
for XI (Sriprapundh et al., 2003; Lee et al., 2012; Zhou et al.,
2012). An alternative or complementary approach involves
rational engineering. Informed site-directed mutagenesis00, September 2, 2014 ª2014 Elsevier Ltd All rights reserved 1287
Figure 1. Chemical Diagram for Sugar Transformations Catalyzed by XI
The wiggly bonds represent the possibility for the substituents to have different orientations corresponding to a or b anomers.
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Neutrons and Simulation to Study Enzyme Functionrequires an understanding of the catalytic mechanisms
involved, but the complex multistep mechanisms of both isom-
erization and epimerization by XI are not yet adequately under-
stood for this purpose.
The structures of XI from various species have been character-
ized with X-ray crystallography (Carrell et al., 1984, 1989; Collyer
et al., 1990; Allen et al., 1994; Fuxreiter et al., 1997; Fenn et al.,
2004). The mechanism of D-xylose to D-xylulose (and D-glucose
to D-fructose) isomerization has been examined extensively us-
ing both experiment and theory (Asbo´th and Na´ray-Szabo´,
2000; Garcia-Viloca et al., 2002, 2003). XI from Streptomyces ru-
biginosus, the most studied example, is a tetramer of identical
subunits (molecular weight 172 kDa), each with a (ba)8 barrel
fold and an active site located at the C terminus of the b-barrel.
Magnesium is the physiological metal found at two binding sites
in the shoebox-shaped active site,M1 andM2, binding directly to
water molecules as well as to active-site residues. M1 is referred
to as the structural metal, whereas M2 is called the catalytic
metal (Whitlow et al., 1991). M1 binds Glu181, Glu217, Asp245,
Asp287, and two water molecules (W2 and W3); M2 binds
Glu217 (shared with M1), His220, Asp255 (bidentate), Asp257,
and the catalytic water (see Figure 2 in Kovalevsky et al., 2010).
Several mechanisms of isomerization consistent with X-ray
structures have been proposed which differ in the exact location
and mode of transfer of H at each step (Collyer et al., 1990; Fenn
et al., 2004; Allen et al., 1994; Bogumil et al., 1997). A limitation of
X-ray studies is the inability to easily determine the location of H
atoms in XI, and therefore to differentiate between these pro-
posals. To overcome this limitation, we therefore applied neutron
crystallography, as neutrons can provide H locations, especially
if H is replaced by its isotope, deuterium (D). Exchangeable H
(attached to N, O or S) can be replaced by D by soaking the
enzyme in D2O. The neutron work has led to new suggestions1288 Structure 22, 1287–1300, September 2, 2014 ª2014 Elsevier Ltas to how structural changes might take place over the course
of the reaction. In particular, we previously identified key residues
involved in pH-dependent metal cofactor binding, the catalytic
steps of ring opening of the cyclic substrate, and isomerization
of the linear intermediate (Katz et al., 2006; Kovalevsky et al.,
2008, 2010, 2011). We then used this information to guide site-
directed mutagenesis in rational protein engineering studies,
which significantly improved the XI activity (kcat/KM) for D-xylose
isomerization at low pH (Waltman et al., 2014).
Here, we report further X-ray and neutron (XN) crystallographic
studies of XI, this timewith the aim of understanding the catalytic
mechanism of isomerization of L-arabinose to L-ribulose and the
epimerization of L-ribulose to L-ribose, for which no reliable
mechanistic information is available. Further, we augment this
crystallographic approach with quantum mechanical/molecular
mechanical (QM/MM) calculations and molecular dynamics
(MD) simulations, which help interpret the experimental findings
and predict favorable mutations for rational protein engineering.
We report two neutron structures of ternary complexes contain-
ing L-arabinose and either Cd2+ or Ni2+, designated XI-Cd-Cycli-
cArabinose_n and XI-Ni-LinearArabinose_n. As with D-glucose
(Kovalevsky et al., 2010), Cd2+ prevents ring opening, resulting
in a Michaelis-like complex containing cyclic L-arabinose.
Then Ni2+ inhibits XI at the next step after the ring has been
opened but before isomerization occurs, with linear L-arabinose
observed in the active site. We find that the active sites in XI-Cd-
CyclicArabinose_n and XI-Ni-LinearArabinose_n are similar to
those in neutron structures with cyclic and linear D-glucose (Ko-
valevsky et al., 2010), indicating that the mechanism of ring
opening and isomerization for L-arabinose is similar to that for
D-xylose and D-glucose.
Unexpectedly, we find that in XI-Cd-CyclicArabinose_n the
b-L-arabinose anomer adopts a high-energy 5S1 conformationd All rights reserved
Table 1. Room Temperature Neutron Crystallographic Data
Collection and Joint XN Refinement Statistics
Parameter
XI-Cd-
CyclicArabinose_n
PDB ID 4QDP
XI-Ni-
LinearArabinose_n
PDB ID 4QDW
Data collection
Beamline/facility PCS/LANSCE D19/ILL
Space group I222 I222
Cell dimensions
a, b, c (A˚) 93.93, 99.69,
102.97
94.19, 99.67,
102.94
a, b, g () 90, 90, 90 90, 90, 90
Resolution (A˚) 39.28–2.00
(2.11–2.00)a
71.61–1.80
(1.90–1.80)
No. reflections
measured
101,968 (6,472) 101,727 (10,439)
No. reflections unique 28,786 (3,459) 36,814 (5,461)
Rmerge 0.208 (0.370) 0.120 (0.490)
I/sI 5.5 (1.6) 10.1 (1.5)
Completeness (%) 88.3 (74.0) 81.5 (81.6)
Redundancy 3.5 (1.9) 2.7 (1.9)
Data rejection criteria no observation &
jFj = 0
no observation &
jFj = 0
Joint XN refinement
Resolution (neutron, A˚) 20–2.00 20–1.80
Resolution (X-ray, A˚) 20–1.60 20–1.60
Sigma cut-off 2.5 2.0
No. reflections (neutron) 25,245 28,443
No. reflections (X-ray) 60,038 59,926
Rwork/Rfree (neutron) 0.231 / 0.247 0.166 / 0.179
Rwork/Rfree (X-ray) 0.172 / 0.185 0.181/ 0.190
No. atoms
Protein including
H and D
5,984 5,983
Metal 2 2
Sugar 20 19
Water 936 (312 D2O’s) 777 (259 D2O’s)
B-factors
Protein 28.4 24.9
Sugar/metal 33.0 32.7
Water 40.5 43.2
Rmsds
Bond lengths (A˚) 0.007 0.005
Bond angles () 0.996 0.914
aValues in parentheses are for highest-resolution shell. Data were
collected from 1 crystal for each structure.
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Neutrons and Simulation to Study Enzyme Functioninstead of the low-energy 4C1 conformation of D-xylose and
D-glucose observed in previously reported XI Michaelis-like
complexes, providing insight into the very weak apparent Mi-
chaelis constant (KM) for L-arabinose (Karima¨ki et al., 2004; Patel
et al., 2012). QM/MM calculations based on XI-Cd-CyclicAra-
binose_n and the physiologically relevant XI-Mg-CyclicArabi-
nose support the experimental observation of the high-energyStructure 22, 1287–135S1 conformation, models containing the
5S1 conformation for
L-arabinose being favored over those containing the 4C1 confor-
mation by 10–11 kcal mol1. In silico site-directed mutagenesis
and MD free-energy perturbation (FEP) simulations performed
on the XI-Mg-CyclicArabinose model suggest substitutions in
the vicinity of L-arabinose (specifically, Thr90, Val135, and
Met88) that may result in improved binding affinity for the 5S1
conformation of the sugar. The simulations also reveal the impor-
tance of Thr90 in making a water-mediated interaction with a
substrate and the significance of conformational freedom of
the Met88 side chain.
We have also determined X-ray structures of XI in complex
with L-ribulose and L-ribose and either Cd2+, Ni2+ or Mg2+ to
help understand the epimerization of L-arabinose to L-ribose.
These structures are designated XI-M-Ribulose_x and XI-M-Ri-
bose_x in the text, where M is Cd, Ni, or Mg. Again, surprisingly,
L-ribulose and L-ribose bind to XI in completely different orienta-
tions than cyclic D-glucose, D-xylose, or L-arabinose, and there
is no evidence of ring opening even with physiological Mg2+.
Additionally, L-ribose is found in the active site as ribofuranose
instead of ribopyranose, the latter being the main sugar form in
solution and probably also the reactive species for XI. These un-
expected sugar orientations would not easily allow ring opening
and metal-assisted isomerization using the same hydride shift
mechanism suggested for D-glucose, D-xylose, and L-arabi-
nose. One interpretation of this result is that the sugars have
bound to XI nonproductively and therefore inhibit the reaction.
However, we also discuss the possibility that the structures
represent the Michaelis-like complexes of a different XI catalytic
mechanism of epimerization.
Key findings of the current study are: (1) the non-physiological
substrate L-arabinosebinds to the XI active site in the high-energy
5S1 skew-boat conformation; (2) QM/MM calculations provide
evidence that the XI complex containing the 5S1 conformation
of L-arabinose is 10–11 kcal/mol more stable than that with the
low-energy 4C1 conformation; (3) the isomerization of L-arabinose
to L-ribulose is likely to occur through a similarmechanismaswas
proposed for the conversion of D-xylose into D-xylulose; (4) mo-
lecular dynamics simulations suggest possible amino acid substi-
tutions in the sugar binding site that may improve the XI affinity
for L-arabinose; (5) L-ribulose and L-ribose bind to XI as fura-
noses, having a- or b-orientation of the hydroxyl at the anomeric
carbon depending on themetal species present; and (6) the isom-
erization between L-ribulose and L-ribosemay proceed through a
cis-ene-diol mechanism involving Glu181 and Asp287.
RESULTS
The neutron data obtained for the two XI complexes with L-arab-
inose are summarized in Table 1, and the X-ray data for the five XI
complexes with L-ribulose and L-ribose are provided in Table S1
(available online).
XI-Cd-CyclicArabinose_n
In XI-Cd-CyclicArabinose_n, the cyclic pyranose form of H/D-
exchanged L-arabinose is observed, as evidenced by the omit
difference FO-FC electron density map shown in Figure 2A. As ex-
pected, only the hydroxyl groups of the sugar underwent H/D ex-
change to OD groups, whereas CH groups remained unchanged.00, September 2, 2014 ª2014 Elsevier Ltd All rights reserved 1289
Figure 2. Cyclic Arabinose Substrate Bind-
ing in XI-Cd-CyclicArabinose_n and Com-
parison with XI-Cd-CyclicGlucose_n
(A) Omit FO-FC difference electron density map for
b-L-arabinopyranose in 5S1 skew-boat confor-
mation contoured at 3.0 s level. The inset shows
the chemical structure and the observed confor-
mation of the sugar. The O3 and O4 hydroxyl
groups are coordinated toM1, and O5 is hydrogen
bonded to Nε2 of His54.
(B) Neutron scattering length density map con-
toured at 1.4 s level for the active site in XI-
Cd-CyclicArabinose_n. His54 and Lys183 are
protonated, whereas Lys289 and D2O
cat are
neutral. Hydrogen bonds are shown as orange
dotted lines, with O-D.O and N-D.O distances
labeled in angstroms.
(C) Superposition of selected active-site residues
and water molecules in XI-Cd-CyclicArabinose_n
(atoms colored by atom type) and XI-Cd-Cyclic-
Glucose_n (violet). Water molecules W1 through
W7, except W5, are invariant in both structures.
Sugar rings occupy identical sites. Metal coordi-
nation is depicted as black solid lines.
See also Figures S1–S8.
Structure
Neutrons and Simulation to Study Enzyme FunctionL-arabinopyranose coordinates to M1 with O3 and O4, whereas
the endocyclic O5 is hydrogen bonded to His54 on the other
side of the sugar. The six-membered pyranose ring of L-arabi-
nose adopts a 5S1 conformation, which is different from the usual
4C1 conformation of D-glucose observed in XI-Cd-Cyclic-
Glucose_n and earlier XI X-ray structures (Carrell et al., 1994;
Fenn et al., 2004; Kovalevsky et al., 2010). O4 of L-arabinopyra-
nose has the opposite stereochemistry to that in D-glucose (and
D-xylose). As such, in the 4C1 conformation the O4 of L-arabino-
pyranose is in the axial position, rather than the equatorial position
in D-glucose, which would preclude the formation of a coordina-
tion bond to M1 (see detailed comparison of 5S1 and
4C1 L-arab-
inose conformers binding to XI below). Moreover, it is the
b-anomer of L-arabinopyranose that is observed in the active
site. The neutron density map of the active site is depicted in Fig-
ure 2B. O4 donates its D in a hydrogen bond with the carboxylate
side chain of Glu181, with an O$$$O separation of 2.5 A˚. Such a
short contact is also present for D-glucose in XI-Cd-Cyclic-
Glucose_n. O3 forms a 3.1 A˚ interaction with the catalytic water
molecule, which is significantly longer than the similar contact
of 2.7 A˚ made by D-glucose in XI-Cd-CyclicGlucose_n. O5 of L-
arabinose accepts a D from Nε2 of His54 in a 2.7 A˚ hydrogen
bondandmakesaweakerwater-mediated interactionwith Thr90.
There are many similarities between the active sites with
bound cyclic pentose (XI-Cd-CyclicArabinose_n) and hexose
(XI-Cd-CyclicGlucose_n) sugars (Figure 2C), but also some dif-
ferences, especially in the hydration structure. L-arabinose and
D-glucose occupy very similar positions on binding to XI. L-arab-
inose lacks a bulky hydroxymethylene substituent at C5, which in
XI-Cd-CyclicGlucose_n is located in the hydrophobic pocket
lined byMet88, Thr90, and Val135, making no hydrogen bond in-
teractions. In XI-Cd-CyclicArabinose_n no extra water mole-
cules enter this pocket and it remains empty. D2O
cat and W1,
W2, W3, W4, W6, and W7 remain in the active site, but change
their orientations, except for D2O
cat. W1 accepts a D from1290 Structure 22, 1287–1300, September 2, 2014 ª2014 Elsevier LtLys183 in a hydrogen bond in XI-Cd-CyclicGlucose_n and acts
as a hydrogen bond donor to O2 of D-glucose. In XI-Cd-Cycli-
cArabinose_n, W1 flips 180 accompanied by a similar rotation
of the O2-D group of the sugar, accepting D atoms in hydrogen
bonds with ND3
+ of Lys183 and O2. In addition, W2 rotates to-
ward O5 of L-arabinose to form a weak hydrogen bond, whereas
it faces away from D-glucose toward the main-chain carbonyl of
Thr90. In XI-Cd-CyclicArabinose_n, the O1 hydroxyl of L-arabi-
nose is in the axial position, occupying the same position as it
does in D-glucose, and has a similar O-D orientation in both
sugars. In XI-Cd-CyclicGlucose_n, O1-D is hydrogen bonded
to W7, which in turn is connected to the neutral amine (ND2) of
Lys289 through two more waters. This network of water mole-
cules connecting O1 of the sugar and Lys289 is altered in XI-
Cd-CyclicArabinose_n, where this connection is accomplished
through W4 and W5. W4 remains in both structures; however,
W5 is absent when D-glucose is bound. Perhaps this change
in the locations of water molecules between the active sites of
XI-Cd-CyclicGlucose_n and XI-Cd-CyclicArabinose_n results in
slightly different conformations of the Lys289 side chains. The
terminal ND2 group of Lys289 is rotated toward Asp257 in the
former structure and away from Asp257 in the latter structure,
while the aliphatic chains and Nz atoms maintain their positions
of4 A˚ away from Asp257, as was also shown in the ligand-free
XI binary complex with Co2+ (Katz et al., 2006).
There are no differences in the positions of the other active
site residues in XI-Cd-CyclicArabinose_n and XI-Cd-Cyclic-
Glucose_n, all the atoms superimposing with a root mean-
square deviation of 0.1 A˚. The catalytic His54 remains doubly
protonated, and His220 remains neutral and coordinated to
Cd2+ at M2, with distances of 2.4 A˚ in both structures. Impor-
tantly, the protonation states of the active-site residues and
the position, conformation and intermolecular interactions of
L-arabinose ensure that the sugar maintains a productive orien-
tation and is poised for the ring-opening stage.d All rights reserved
Figure 3. Linear Arabinose Substrate Bind-
ing in XI-Ni-LinearArabinose_n and Com-
parison with XI-Ni-LinearGlucose_n
(A) Omit FO-FC difference electron density map
for linear arabinose contoured at 4.5 s level. The
inset shows the chemical structure of the linear
aldose sugar. O2 and O4 hydroxyl groups are
coordinated to M1, O1 and O2 are coordinated to
M2b, and O5 is hydrogen bonded to Nε2 of
His54.
(B) Neutron scattering length density map con-
toured at 1.0 s level for the active site in XI-Ni-
LinearArabinose_n. His54, Lys183 and Lys289 are
protonated, D2O
cat is neutral. Hydrogen bonds are
shown as orange dotted lines, with O-D.O and
N-D.O distances labeled in angstroms.
(C) Superposition of selected active-site residues
and water molecules in XI-Ni-LinearArabinose_n
(atoms colored by atom type) and XI-Ni-Line-
arGlucose_n (magenta). Positions of the linear
sugars are virtually identical. Metal coordination is
depicted as black solid lines.
Structure
Neutrons and Simulation to Study Enzyme FunctionXI-Ni-LinearArabinose_n
The linear form of L-arabinose was observed in XI-Ni-Linear-
Arabinose_n, as demonstrated by the omit difference FO-FC
electron density map shown in Figure 3A. Just as for XI-Cd-Cy-
clicArabinose_n, only hydroxyl groups of the sugar have under-
gone H/D exchange to become OD groups. Previously, we have
unambiguously demonstrated by using fully deuterated D-
glucose that the linear intermediate in XI-Ni-LinearGlucose_n
is an aldehyde, with the aldo group at C1 located near the metal
binding site M2. By analogy, linear L-arabinose in XI-Ni-Linear-
Arabinose_n must be an aldehyde as well, representing an in-
termediate before isomerization to L-ribulose. The Ni2+ cation
populates two distinct subsites, M2a and M2b, at the M2 site
with occupancies of approximately 50%/50% in both XI-Ni-Lin-
earArabinose_n and XI-Ni-LinearGlucose_n. The two M2a and
M2b subsites are separated by 2 A˚. M2a is analogous to the
M2 location in the neutron structures of complexes with cyclic
sugars. M2b is much closer to the linear intermediate in both
XI-Ni-LinearArabinose_n and XI-Ni-LinearGlucose_n, making
coordination bonds with O1 and O2 that are not possible for
M2a. Ni2+ at the M1 site shows no disorder and is bound to
O2 and O4 of the linear sugar. Thus, O2 acts as a bridging
ligand between the M2b and M1 metal centers. The formation
of the linear sugar is accomplished by breaking the O3-M1 co-
ordination bond, and subsequent rotations around the C3-C4,
C2-C3, and C1-C2 carbon-carbon bonds, whereas coordina-
tion of the O4 hydroxyl to M1 and the hydrogen bonds of O4
to Glu181 and O5 to His54 anchor the tail of the sugar to the
active site.
The neutron density map of the active site is depicted in Fig-
ure 3B, and the superposition of the active sites in XI-Ni-Linear-
Arabinose_n and XI-Ni-LinearGlucose_n is shown in Figure 3C.
The two linear aldoses superimpose well, even though they
have opposite chiralities at C4. The O1 carbonyl oxygen of L-
arabinose accepts a D in a hydrogen bond with Lys183, in addi-
tion to being bound toM2b, in both XI-Ni-LinearArabinose_n andStructure 22, 1287–13XI-Ni-LinearGlucose_n. O1 displaces W1, which mediates the
interaction between Lys183 and O2 in the cyclic sugars (Fig-
ure 2C), after the sugar extends into the linear form. The O-D
groups at O2 in linear L-arabinose and D-glucose have different
orientations. The D atom of the O2 hydroxyl in L-arabinose faces
the carboxyl of Glu181, whereas in D-glucose the corresponding
D is rotated 180 downward to make a hydrogen bond with
D2O
cat. As a result, D2O
cat is also positioned differently in XI-
Ni-LinearArabinose_n and XI-Ni-LinearGlucose_n. The catalytic
water molecule is oriented to donate its D atoms in two hydrogen
bonds, one with the carboxyl group of Asp257 and the other with
the O1 carbonyl of D-glucose XI-Ni-LinearGlucose_n. In XI-Ni-
LinearArabinose_n, D2O
cat retains the hydrogen bond with
Asp257, but flips the other D away from the sugar toward
Asp287, although the O$$$O distance from D2O
cat to the carbox-
ylate of Asp287 of 3.5 A˚ may be too long for a hydrogen bond.
The O5 hydroxyl of the linear L-arabinose is deprotonated in
XI-Ni-LinearArabinose_n. Just as in XI-Ni-LinearGlucose_n, we
did not observe a neutron density peak near O5 of L-arabinose
in the FO-FC difference neutron scattering length density map
that would indicate the presence of a D atom bound to the oxy-
gen. Therefore, L-arabinose must be negatively charged. O5 ac-
cepts a D from the side-chain imidazole of the doubly protonated
His54 in a strong charge-assisted hydrogen bond (the O$$$N
distance is 2.7 A˚). The side chain of Lys289 in XI-Ni-LinearAra-
binose_n is protonated, having the positively charged ND3
+ ter-
minal ammonium group that changes conformation relative to its
position in XI-Cd-CyclicArabinose_n to form a hydrogen bond
with the metal-coordinated Asp257. Therefore, Lys289 has
gained a hydrogen atom in the linear intermediate complex
compared to the cyclic sugar complex. This observation is iden-
tical to our observation of the Lys289 protonation in XI-Ni-Line-
arGlucose_n. The only difference is the lack of a water molecule
in XI-Ni-LinearArabinose_n that mediates interactions between
the O3 hydroxyl of D-glucose and the ND3
+ of Lys289 in XI-Ni-
LinearGlucose_n.00, September 2, 2014 ª2014 Elsevier Ltd All rights reserved 1291
Figure 4. Cyclic L-Ribulose Binding in
XI-Cd-Ribulose_x, XI-Ni-Ribulose_x, and
XI-Mg-Ribulose_x
(A) Omit FO-FC difference electron density map
for a-L-ribulofuranose contoured at 5.0 s level in
XI-Cd-Ribulose. The inset shows the chemical
structure and the observed envelope conforma-
tion of the sugar. O2 and O3 hydroxyl groups are
coordinated to M1, and O1 is hydrogen bonded to
Nε2 of His54. The endocyclic O5 is 3.7 A˚ away
from Nε2 of His54, precluding any appreciable
hydrogen bonding interaction.
(B) Omit FO-FC difference electron density map for
b-L-ribulofuranose contoured at 3.0 s level in XI-
Ni-Ribulose. The inset shows the chemical struc-
ture and the observed envelope conformation of
the sugar. O1 and O3 hydroxyl groups are coor-
dinated to M1, and O5 makes a weak 3.2 A˚
hydrogen bond with Nε2 of His54.
(C) Omit FO-FC difference electron density map for
a-L-ribulofuranose contoured at 5.0 s level in XI-
Mg-Ribulose. The inset shows the chemical
structure and the observed envelope conforma-
tion of the sugar. O2 and O3 hydroxyl groups are
coordinated to M1, and O1 is hydrogen bonded to
Nε2 of His54. The sugar binding is identical to that
in XI-Cd-Ribulose_x.
(D) Superposition of the selected active-site
residues and water molecules in XI-Cd-Ribulose_x (atoms colored by atom type, carbon atoms are cyan), XI-Ni-Ribulose_x (atoms colored by atom type, carbon
atoms are light blue), and XI-Mg-Ribulose (atoms colored by atom type, carbon atoms are yellow). W1 andW2 water molecules occupy the same positions as in
XI-Cd-CyclicArabinose_n.
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Three X-ray structures of XI in complex with L-ribulose and
different metal ions—Cd2+, Ni2+ and Mg2+—were obtained. In
XI-Cd-Ribulose_x, the a-anomer of L-ribulofuranose is detected
in the omit difference FO-FC electron density map, as expected
(Figure 4A). Surprisingly, the O2 hydroxyl is positioned so that it
makes a coordination bond with M1, which is also bound to O3.
Such placement of the ketose sugar in the active site results in
a hydrogen bond between the O1 hydroxyl and the imidazole
ring of His54, but not O5 as was observed for cyclic L-arabinose
and D-glucose. Instead, O5 and the methylene group at C5 of L-
ribulose point toward thep-conjugated system of Trp16, possibly
making C-H$$$p and O$$$p interactions. O1 of L-arabinose may
be involved in similar unconventional interactions between the ox-
ygen lone pairs and the Trp16 p-conjugated system in XI-Cd-Cy-
clicArabinose_n. The mean plane of the furanose ring is almost
perpendicular to the pyranose average plane in the structures
with cyclic L-arabinose or D-glucose. O1 and O4 of L-ribulofura-
nose have water-mediated interactions with Thr90 and Lys183,
respectively, which are similar to the water-mediated contacts
made by O5 and O2 of the cyclic L-arabinose or D-glucose.
To test whether the sugar binding mode observed in XI-Cd-Ri-
bulose_x can lead to ring opening, a complex of XI with Ni2+
metal ions and L-ribulose was prepared and its X-ray structure
(XI-Ni-Ribulose_x) was determined. Again, we observed L-ribu-
lofuranose (Figure 4B) bound to XI; however, in this case the
b-anomer was detected. In addition, in XI-Ni-Ribulose_x the
ring orientation has changed compared to its position in XI-Cd-
Ribulose_x, resulting in swapping of C2 and C3 atoms. There-
fore, in XI-Ni-Ribulose_x M1 coordinates O1 and O3, rather
than O2 and O3 as in XI-Cd-Ribulose_x. Ni2+ at site M2 occupies1292 Structure 22, 1287–1300, September 2, 2014 ª2014 Elsevier Ltthe same two distinct positionsM2a andM2b, as it does in all our
structures containing Ni2+ ions (Figures 3A and 4B). Finally, we
complexed XI with Mg2+ and L-ribulose in an attempt to cause
ring opening in the presence of the physiological metal. In the re-
sulting X-ray structure, XI-Mg-Ribulose_x, we once again clearly
observed the a-L-ribulofuranose (Figure 4C). The binding of the
sugar is identical to that in XI-Cd-Ribulose_x, and the active sites
containing Cd2+, Ni2+, and Mg2+ superimposed almost exactly
(Figure 4D).
XI-M-Ribose_x: M = Mg, Ni
We obtained two X-ray structures of XI in complex with L-ribose
and two different metal ions—Mg2+ and Ni2+. Remarkably, in
both X-ray structures we observed the ribofuranose ring, rather
than the more abundant ribopyranose, bound to the active site,
with no indication of ring opening. Therefore, the complex with
Cd2+ was not made. Furthermore, we observed the b-anomer
of L-ribofuranose in XI-Mg-Ribose_x and the a-anomer in XI-
Ni-Ribose_x (Figures 5A and 5B).
In XI-Mg-Ribose_x the orientation of the cyclic sugar is such
that the O2 and O3 hydroxyl groups coordinate Mg2+ at M1,
and the plane of the ring is turned to allow the endocyclic O4
to be positioned close to the p-system of Trp16 (3.4 A˚; Fig-
ure 5C), in a similar way to O5 of L-ribulose in XI-Mg-Ribulose_x.
O4 of L-ribose is also within range (3.4 A˚) to make a weak
hydrogen bond with the side chain of His54, but O1 hydroxyl is
positioned closer (2.7 A˚), forming a stronger interaction with
Nε2 of the imidazole ring. Two invariant water molecules desig-
nated W1 and W2 in our structures containing cyclic sugars
mediate the interaction of O3 with the amine of Lys183 and O1
with the hydroxyl of Thr90, respectively, in XI-Mg-Ribose_x. O5d All rights reserved
Figure 5. Cyclic L-Ribose Binding in XI-Mg-
Ribose_x and XI-Ni-Ribose_x
(A) Omit FO-FC difference electron density map for
b-L-ribofuranose contoured at 5.0 s level in XI-
Mg-Ribulose. The inset shows the chemical
structure and the observed twist conformation of
the sugar. O2 and O3 hydroxyl groups are coor-
dinated to M1, and O1 is hydrogen bonded to Nε2
of His54. The endocyclic O5 is 3.4 A˚ away from
Nε2 of His54, indicating a possible weak hydrogen
bonding interaction.
(B) Omit FO-FC difference electron density map for
a-L-ribofuranose contoured at 3.0 s level in XI-Ni-
Ribulose. The inset shows the chemical structure
and the observed envelope conformation of the
sugar. O1 and O2 hydroxyl groups are coordi-
nated to M1. The endocyclic O4 has a hydrogen
bond with Nε2 of His54.
(C) Superposition of the selected active-site resi-
dues and water molecules in XI-Mg-Ribose_x
(atoms colored by atom type) and XI-Ni-Ribose_x
(dark cyan sticks). Invariant W1 and W2 water
molecules, and the catalytic water, are shown as
spheres.
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which in turn rotates closer to Asp257, but O5 is too far away
(3.8 A˚) to form a hydrogen bond with the amino side chain of
the lysine (Figure 5C).
The orientation of L-ribose is different in XI-Ni-Ribose_x. The
sugar ring position is similar to that in XI-Mg-Ribose_x; however,
it rotates 70 so that the C4-O4 bond superimposes with O4-
C1 of the sugar in themagnesium complex. L-ribofuranose binds
to nickel at M1 by theO1 andO2 hydroxyls, instead of O2 andO3
in XI-Mg-Ribose_x. Such an orientation of the sugar results in a
new hydrogen bond between the O3 hydroxyl and the carboxyl
of Asp287 that is not observed in other XI complexes with cyclic
sugars. On the other hand, the water mediated interactions be-
tween the sugar and Thr90 and Lys183 are severed in XI-Ni-Ri-
bose_x; the O2$$$W1 and O5$$$W2 distances are longer than
3.6 A˚. The side chain of Lys289 is disordered over two distinct
conformations that correspond to its positions found in the Cd/
sugar complexes (i.e., away from Asp257), and in the Ni/sugar
and Mg/sugar complexes (i.e., facing Asp257).
QM/MM Characterization of XI-Cd-Arabinose
To understand why XI containing Cd2+ ions at M1 and M2 binds
L-arabinose in a high-energy 5S1 conformation, we performed
QM/MM calculations on a model derived from the XI-Cd-Cycli-
cArabinose_n XN structure. The active site, containing 178
atoms, was described quantum mechanically with density func-
tional theory, and the rest of the model, containing 314 amino-
acid residues and water solvent, was described classically with
a molecular mechanics potential function (see Supplemental
Experimental Procedures). A variety of DFT functionals were
used to assess their performance in reproducing the active site
Cd2+ coordination geometry observed in the crystal structure.
All calculated intermolecular distances in the active site with
L-arabinose in the 5S1 conformation are very similar, with differ-Structure 22, 1287–13ences on the order of only 0.01-0.03 A˚ (Figure S1). More impor-
tantly, the QM/MM models reproduced the intermolecular dis-
tances from the XN structure to within 0.1–0.2 A˚, which is
within the experimental error expected for a crystal structure ob-
tained at 2 A˚ resolution. After geometry optimization of XI-Cd-
Arabinose, the L-arabinose remained in the 5S1 conformation
observed in XI-Cd-CyclicArabinose_n. Superimposing (or dock-
ing) L-arabinose in the 4C1 conformation in the active site fol-
lowed by optimization placed O4 further away from Cd2+ at site
M1 (Figure S2). When L-arabinose was placed in the 4C1 confor-
mation and the geometry was reoptimized at the PBE-D3/MM
level of theory, the resulting complex (Figure S3) was less stable
than the 5S1 model by about 12 kcal mol
-1 (Table 2). Ab initio
DLPNO-CCSD(T)/MM single-point energies at B3PW91/MM ge-
ometries confirmed the DFT results, predicting that the model
with the sugar in the 5S1 conformation is 11.2 kcal mol
1 more
stable than that containing the 4C1 L-arabinose.
The major geometrical difference between the two models
is the loss of metal coordination by the O4 hydroxyl in the 4C1
L-arabinose model. Another important feature of the 5S1 com-
plex of XI-Cd-Arabinose is the hydrogen bond formed between
O4-H and the side chain of Glu181. All the QM/MM methods
tested predict a short hydrogen bond between the O4-H hydrox-
yl of L-arabinose and Oε1 of Glu181 (Figure S1). For example,
PBE-D3/MM predicts an O4-H distance of 1.06 A˚ and an O4-
H$$$Oε1(Glu181) distance of 1.48 A˚ in the 5S1 L-arabinose
model. The O4-H bond is slightly lengthened from the standard
value of 0.97 (Allen et al., 1987), increasing the partial negative
charge onO4, which should increase the electrostatic interaction
between O4 and Cd2+.
QM/MM Characterization of XI-Mg-Arabinose
To generate a model of XI-Mg-Arabinose, which was not
examined experimentally, we replaced the Cd2+ ions in the00, September 2, 2014 ª2014 Elsevier Ltd All rights reserved 1293
Table 2. QM/MM Potential Energy Differences between XI
Models with L-Arabinose in the 5S1 (E5S1) and
4C1 (E4C1)
Conformations Computed with Several DFT Methods
QM Method
DE (kcal mol1)
XI-Cd-Arabinose XI-Mg-Arabinose
BP86-D3 12.1 11.2
BLYP-D3 12.2 7.8
mPWPW91 10.5 8.4
PBE-D3 12.0 10.9
B3PW91 11.0 12.0
B3LYP-D3 12.9 11.7
mPW1PW91 12.8 12.6
PBE0 12.9 12.6
DLPNO-CCSD(T) 11.2 10.2
DE = E5S1  E4C1.
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MM MD equilibration followed by geometry optimization (see
Supplemental Experimental Procedures). L-arabinose remained
in the 5S1 conformation after this equilibration and optimization.
Replacing Cd2+ with Mg2+ resulted in shorter metal coordination
distances, as expected given the smaller ionic radius of Mg2+
(0.7 A˚) versus Cd2+ (1.0 A˚). Similar to the findings for the XI-
Cd-Arabinose complex, all QM/MM methods tested predict a
short hydrogen bond between the O4-H hydroxyl of L-arabinose
and Oε1 of Glu181 (Figure S4), with PBE-D3/MM predicting an
O4-H distance of 1.08 A˚ and an O4-H$$$Oε1(Glu181) distance
of 1.43 A˚. In XI-Cd-Arabinose, a PBE-D3/MM potential energy
scan indicates that transferring the O4 proton from the minimum
energy configuration (i.e., proton on O4, reaction coordinate =
0.65 A˚) to a shared position (i.e., proton halfway between O4
and Oε1 of Glu181, reaction coordinate = 0.0 A˚) is energetically
unfavorable by 7.3 kcal mol1 and no energyminimumwas iden-
tified when the proton was transferred fully to Glu181 (Figure S5).
Lengthening the hydrogen bond to an O4-H$$$Oε1(Glu181) dis-
tance of 1.77 A˚ (reaction coordinate =0.8 A˚) costs only 0.4 kcal
mol1. In contrast, an analogous potential energy scan indicated
that in XI-Mg-Arabinose the transfer of the O4 proton from the
minimum energy configuration (reaction coordinate = 0.4 A˚)
to a shared position (reaction coordinate = 0.0 A˚) is energetically
unfavorable by only 1.9 kcal mol1 (Figure S6). Lengthening the
hydrogen bond to a reaction coordinate value of0.80 A˚ is ener-
getically unfavorable by 3.1 kcal mol1. Thus, this hydrogen
bond is stronger in XI-Mg-Arabinose than in XI-Cd-Arabinose,
although in both cases no energy minimum was predicted for
the proton localized on Glu181.
The XI-Mg-Arabinose model containing the 5S1 conformation
of the sugar was significantly more stable than that with the
4C1 conformation (Figure S7), although the range of energy dif-
ferences computed with various DFT methods was larger (Ta-
ble 2). DLPNO-CCSD(T)/MM single-point energies at B3PW91/
MM geometries result in the XI-Mg-Arabinose complex with
the 5S1 sugar conformation being 10.2 kcal mol
1 more stable
than the corresponding 4C1 state, with, among the DFT func-
tionals considered, PBE-D3 providing the closest agreement
with this value (Table 2). Importantly, the DE values stem primar-
ily from the energy of the QM subsystem, with the contributions1294 Structure 22, 1287–1300, September 2, 2014 ª2014 Elsevier Ltfrom the enzyme, the solvent environment and the interactions
between the QM andMM regions providing2-4 kcal mol1 sta-
bilization. Several attempts were made to construct an XI-Mg-
Arabinose model with L-arabinose in the 4C1 conformation while
maintaining coordination to Mg2+ by both O3 and O4 as ob-
served in XI-Cd-CyclicArabinose_n. However, all of these
models led to perturbations in the active site geometry with
DFT/MM energies higher than those obtained for the simple
‘‘superimposed’’ 4C1 model described above (see Supplemental
Experimental Procedures).
QM/MM calculations were also used to determine a minimum
energy pathway connecting the 5S1 and
4C1 conformations of
L-arabinose in the XI active site. No dramatic geometry perturba-
tions occurred during the 4C1-to-
5S1 transition. The pathway has
a small energy barrier of several kilocalories per mole, indicating
that the sugar may be able to alter its conformation when already
bound to M1, Glu181, and His54 (Figure S8). Extracting L-arab-
inose from the PBE-D3/MM geometry optimized structures in
both the 4C1 and
5S1 conformation and then calculating the
energy differences with the same QM Hamiltonian indicated
that the 4C1 conformation is favored over the
5S1 conformation
by 16.7 kcal mol1 (Figure S8). By adding His54, Glu181, or
M1 and all their possible combinations, the most favorable
conformation becomes 5S1. The interaction between His54 and
L-arabinose is shown to have only minor effects on the energy
differences while interactions with Glu181, M1 and their combi-
nation shift the L-arabinose conformational preference to the
5S1 conformation in the XI-Mg
2+ active site.
Computed Binding Free Energy Changes for XI
Mutant Variants
Because the apparent KM of XI with L-arabinose substrate is on
the order of 1 M (Karima¨ki et al., 2004; Patel et al., 2012), a
possible strategy for improving the rate of catalysis involves
introducing amino acid substitutions in the active site that might
increase the binding affinity of the cyclic form of the sugar. Thus,
to gain insight into how putative mutationsmight affect substrate
binding, XI was subjected to in silico mutagenesis. Because no
experimental structures of XI in complex with Mg2+ and L-arab-
inose are available, the XI-Cd-CyclicArabinose_n structure was
used to produce the starting model by replacing Cd2+ with
Mg2+, in a procedure similar to that used for the above QM/
MM calculations (except that the MD-FEP simulations were car-
ried out on the biologically relevant tetramer in a periodic solvent
box). The mostly hydrophobic pocket around the C5 methylene
group of the sugar, comprising residues Met88, Thr90, and
Val135, was selected. The reasoning for this selection is that
the pocket is occupied by the hydroxymethylene group of D-
glucose, but remains unoccupied when D-xylose or L-arabinose
binds. Therefore, altering side chains at positions 88, 90, and 135
could potentially introduce favorable contacts with L-arabinose
and thus improve its binding affinity. We modeled various resi-
dues at positions 88, 90, and 135 as single or double substitu-
tions. Many side-chain groups from the 20 natural amino acids
do not fit into the pocket, and thus were not examined further.
The following variants were selected: Met88Ala, Thr90Ile, Va-
l135Ile, Val135Leu, Val135Asn, Val135Asp, Thr90Ala/Val135Lys,
Met88Ala/Val135Ile, Met88Ala/Val135Leu, and Met88Ala/Va-
l135Asn. Met88 was substituted with alanine to provide mored All rights reserved
Table 3. Computed L-ArabinoseBinding FreeEnergyDifferences
(DDGbind) for XI Variants Relative to Wild-Type
Mutation DDGbind, kcal mol
1 Sugar Conformation
Val135Ile 2.0 ± 0.2 5S1
Val135Leu 0.4 ± 0.3 5S1
Val135Asn 1.4 ± 0.3 5S1
Val135Asp 7.1 ± 0.4 5S1
Thr90Ile 2.3 ± 0.2 5S1
Thr90Ala/Val135Lys 13.1 ± 0.7 5S1
Met88Ala 0.9 ± 0.2 5S1
Met88Ala/Val135Ile 1.7 ± 0.3 4C1
Met88Ala/Val135Leu 1.3 ± 0.4 4C1
Met88Ala/Val135Asn 0.3 ± 0.5 4C1
The chemical diagrams for 5S1 and
4C1 conformations of L-arabinose are
included. Negative DDGbind suggests more favorable binding and posi-
tive DDGbind indicates poorer binding of L-arabinose to a mutant variant
relative to the wild type XI.
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asparagine at position 135. These variants were used in classical
MD FEP simulations, which permitted the computation of free
energy differences for L-arabinose binding of the selected
mutant variants relative to the wild-type enzyme, i.e., DDGbind.
The DDGbind values for double mutants were then calculated in
two steps for the double mutants Met88Ala/Val135Ile, Met88-
Ala/Val135Leu, and Met88Ala/Val135Asn. DDGbind is favorable
for the single Met88Ala variant and the three double mutant var-
iants. However, the conformation of L-arabinose changed to 4C1
in the position 88 double mutant variants, resulting in a nonpro-
ductive orientation of the substrate.
Table 3 shows the computed DDGbind values for L-arabinose
binding to various XI variants relative to the wild-type enzyme.
The reported values correspond to differences in L-arabinose
binding to a single active site. Excluding the Val135Leu and
Met88Ala/Val135Asn mutants, which yielded negligible free
energy differences, four of the ten variants were calculated to
bind the sugar more favorably than the wild-type. Among the sin-
gle mutants, Val135Asn and Met88Ala were computed to bindStructure 22, 1287–13cyclic L-arabinose 1.4 and 0.9 kcal mol1 more favorably than
the wild-type, respectively. Similarly, the binding free energies
for theMet88Ala/Val135Leu andMet88Ala/Val135Ile double mu-
tants were 1.3 and 1.7 kcal mol1 more favorable than the wild-
type.
Rationalization of the binding free-energy results is as follows.
In theMD-FEP simulation of the Val135Ile variant, Ile135 reduces
the conformational freedom of Met88, resulting in an entropic
penalty. The net effect of this and other hydrogen bond rear-
rangements is a 2 kcal mol1 less favorable binding free energy
of L-arabinose to Val135Ile. The active site rearrangements are
similar in Val135Leu, except that Met88 retains its ability to sam-
ple various conformations and O4 forms a direct hydrogen bond
to Asp287, resulting in a negligibly favorable DDGbind. The struc-
tural rearrangements are more dramatic in Val135Asp, where the
hydrophobic side chain of Val135 is substituted with a negatively
charged hydrophilic carboxylate group, leading to a highly unfa-
vorable DDGbind. The sugar orientation changed such that
hydrogen bond interactions involving His54, Glu181, Asp245,
and Asp287 were either broken or did not form. Interestingly,
when the carboxylate of Asp135 is changed into an amide to
give Asn135 in the Val135Asn variant the binding of L-arabinose
improves substantially, becoming significantly more favorable
than for the wild-type XI. The side chain of Asn135 does not
obstruct the conformational freedom of Met88, and the side
chains of Asn215 and Asn135 make a new hydrogen bond that
is not possible in the wild-type enzyme (Figure S9A). Replacing
Thr90 with Ile to give the Thr90Ile variant breaks the water bridge
between O5 and the side-chain hydroxyl of Thr90. The rest of the
active site remains very similar to that in Val135Ile, which trans-
lates into a comparably unfavorable DDGbind for both of these
variants. We also replaced Thr90 with a small hydrophobic
alanine residue, which allowed us to substitute Val135 with a
bulky, positively charged lysine to produce the double mutant
variant Thr90Ala/Val135Lys. Similar to Thr90Ile, the water-medi-
ated interaction observed in the wild-type enzyme between O5
and the hydroxyl of Thr90 is not possible in Thr90Ala/Val135Lys.
Lysine at position 135 protrudes close to the substrate, making
contacts with Glu181 and Asp245, but pushes W3 toward
Asp287. The long side chain of Lys135 does not contact L-arab-
inose, but its interaction with Glu181 leads to the loss of Glu181-
M1 coordination. The result is the largest unfavorableDDGbind for
L-arabinose binding found here.
DISCUSSION
L-Arabinopyranose Isomerization
The crystal structure of XI in complex with cyclic L-arabinose
reported in this work revealed several insights. L-arabinose is a
diastereomer of D-xylose, with the same chemical structure
but opposite stereochemistry at C4 (Figure 1). In the low-energy
4C1 chair conformation commonly adopted by cyclic D-xylose
and D-glucose when bound to XI (Fenn et al., 2004; Kovalevsky
et al., 2010) both O3 and the equatorially positioned O4 can bind
to M1 when the sugar is favorably oriented to form direct
hydrogen bonds with Glu181 and His54 by O4 and O5, respec-
tively, and water-mediated hydrogen bonds with Thr90,
Lys183, and Asp245. We previously noted that structured water
in ligand-free XI acts as a sugar-binding template for D-xylose00, September 2, 2014 ª2014 Elsevier Ltd All rights reserved 1295
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water molecule oxygen atoms being replaced by O3, O4, and O5
(Kovalevsky et al., 2010). If L-arabinose in the 4C1 chair confor-
mation is placed and oriented so that O3 and O5 replace water
molecules in ligand-free XI, then the axially positioned O4 points
away from the direction of the C3-O3 bond and away from M1.
Without this crucial coordination bond between O4 and M1,
the catalytic reaction is unlikely; ring opening would result in a to-
tal loss of sugar coordination to M1 and likely ejection from the
binding site, as the O3-M1 bond has to break to allow conforma-
tional changes to occur. It is therefore significant that L-arabi-
nose is found in the 5S1 skew-boat conformation in XI-Cd-Cycli-
cArabinose_n with O3, O4, and O5 replacing the waters in
ligand-free XI and also allowing both O3 and O4 to interact
with M1. It is also significant that O1 is observed in the axial po-
sition of the less abundant b-anomer, because XI is known to be
highly stereospecific for pyranose anomers with axial O1 (Schray
and Rose, 1971; Bock et al., 1983; Collyer et al., 1992) i.e a-D-
xylose, a-D-glucose, and b-L-arabinose. The O1 hydroxyl group
is connected throughwatermolecules to the neutral side chain of
Lys289. We observed a similar water-mediated interaction in XI-
Cd-CyclicGlucose_n, and Lys289 was implicated as an essential
residue for the ring-opening stage. Substitutions of Lys289 pro-
vide evidence for its involvement in the isomerization reaction, as
the Lys289His variant is more active, whereas Lys289Glu and
Lys289Gln are markedly less active than the recombinant wild-
type enzyme (Lambeir et al., 1992,Waltman et al., 2014). It would
appear that the 5S1 conformation and the b-anomer of L-arabi-
nose allow formation of the Michaelis-like complex observed in
XI-Cd-CyclicArabinose_n.
QM/MM calculations reproduced the geometry of the active
site in XI-Cd-CyclicArabinose_n, verifying that the complex cor-
responds to an energy minimum when L-arabinose is in the 5S1
conformation. The same result was obtained when physiologi-
cally relevant Mg2+ ions were substituted for Cd2+ ions at M1
and M2. Moreover, when L-arabinose in the 4C1 conformation
was placed in the active site, coordination between O4 and M1
was lost and the resulting complexes were computed to be
less stable by 10-11 kcal mol-1 (Table 2). When models with
5S1 and
4C1 sugars were superimposed, the majority of L-arab-
inose atoms overlapped, with O4 and C5 being exceptions
(Figure S2). When L-arabinose in the 4C1 conformation was reor-
iented to recover the coordination of O4 to M1, the resulting
models were further destabilized, and no hydrogen bonding
with His54 and Glu181 or water-mediated interactions with
Lys183 were formed, suggesting a nonreactive complex.
In XI-Cd-CyclicArabinose_n and XI-Cd-CyclicGlucose_n, O4
makes a short 2.5 A˚ hydrogen bond with the carboxylic side
chain of Glu181 (O4-H$$$Oε1). QM/MM calculations suggest
that this is a moderately strong hydrogen bond, but that its
strength is dependent upon the specific metal at M1; it becomes
stronger when Cd2+ is replaced with Mg2+. In both the XI-Cd-Cy-
clicArabinose and XI-Mg-CyclicArabinose models the O4-H co-
valent bond is stretched by about 0.1 A˚ (Figures S1 and S4). Also,
according to the models this hydrogen bond is asymmetric,
having a single-well potential with the energy minimum corre-
sponding to hydrogen covalently bound to O4 (Figures S5 and
S6). This hydrogen bond is one of only two that are not altered
during the ring opening; Nε2-H$$$O5 is the other. It seems likely1296 Structure 22, 1287–1300, September 2, 2014 ª2014 Elsevier Ltthat these two hydrogen bonds, together with the O4-M1 coor-
dination, are essential for keeping the substrate stably bound
in the active site when the sugar undergoes large conformational
changes necessary to produce the linear aldehyde intermediate.
When L-arabinose was modeled in the 4C1 chair conformation
the O4-H$$$Oε1(Glu181) geometry was distorted, possibly mak-
ing it weaker. The O$$$O distance increased to 2.7–2.8 A˚ and no
O4-H bond lengthening was detected (Figures S3 and S7). As a
result, the loss of O4-M1 coordination and weakening of the O4-
H$$$Oε1(Glu181) hydrogen bond may be the main contributors
to the destabilization of the active sites containing L-arabinose
in the 4C1 chair conformation.
The MD-FEP calculations (Table 3) reveal the essential
nature of thewater-mediated interaction between the endocyclic
O5 of L-arabinose and Thr90. Variants Thr90Ile and Thr90Ile/
Val135Lys, in which this water-mediated interaction is not
possible, showed unfavorable L-arabinose binding relative to
the wild-type enzyme (positive DDGbind). The Met88 conforma-
tional dynamics also seems to be important for substrate bind-
ing. Binding of L-arabinose to the Val135Ile variant, for which
the dynamics of theMet88 side chain is hindered, is unfavorable.
In contrast, the calculated binding free energy values for variants
with double substitutions at positions 88 and 135 are all favor-
able (negative DDGbind), with the most negative value registered
for the Met88Ala/Val135Ile variant. However, the L-arabinose
conformation in these double mutant variant models flipped to
4C1. Previous enzyme kinetics measurements on Actinoplanes
missouriensis XI revealed a lower KM for the Val135Asn variant
with the substrate L-ribose (Santa et al., 2005), which is in agree-
ment with our calculated favorable DDGbind of 1.4 kcal mol1
for this variant bound to L-arabinose in the 5S1 conformation.
In solution, the 5S1 skew-boat conformation of L-arabinose is
metastable; it is higher in energy than the 4C1 chair conformation
by 16.7 kcal/mol according to our gas-phase QM calculations,
and scarce in solution. An interesting question is therefore
whether XI binds L-arabinose using a conformational selection
or an induced fit mechanism. In conformational selection, only
if L-arabinose adopted the high-energy 5S1 conformation in so-
lution could it reactively bind in the active site. This would explain
the high apparent KM of L-arabinose of 1 M (Karima¨ki et al.,
2004; Patel et al., 2012). In contrast, in an induced-fit mecha-
nism, L-arabinose could bind in the 4C1 conformation and then
cross an energy barrier to the reactive 5S1 conformation (Fig-
ure S8). In this case, the high apparent KM may be due to unpro-
ductive binding and then release.
The above observations support our previous insights into the
ring-opening mechanism (Kovalevsky et al., 2010), and suggest
that this mechanism is similar for D-xylose, D-glucose, and L-
arabinose. Briefly, doubly protonated His54 polarizes the scissile
C1-O5 endocyclic bond (or transiently donates the hydrogen at
Nε2 to O5) and the hydrogen on O1 hydroxyl is shuttled by a wa-
ter chain to Lys289. The sugar is then linearized through a series
of rotations around the C-C bonds to bring O1 closer to M2 and
Lys183. The linear sugars in XI-Ni-LinearGlucose_n (Kovalevsky
et al., 2010) and current XI-Ni-LinearArabinose_n structures are
practically indistinguishable (Figure 3C). The opposite stereo-
chemistry of C4 in L-arabinose relative to D-glucose does not
interfere with the ability of the O4 hydroxyl to keep coordination
with M1 and hydrogen bond with Glu181. As was the case withd All rights reserved
Figure 6. Chemical Diagram for the Overall Reaction of L-Arabinose Epimerization to L-Ribose, Including Major Stages of Ring Opening and
Isomerization in the Forward and Reverse Directions
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arabinose ring is opened. The O5 hydroxyl is deprotonated and
negatively charged in linear L-arabinose. It is also negatively
charged in the linear product structure with D-xylulose (Kovalev-
sky et al., 2008). Notably, we found that O5 of polyol inhibitor D-
sorbitol is protonated in XI with Ni2+ cations, with the O5-D bond
rotated to form a hydrogen bond with a D2O that mediates the
interaction of O5 with the hydroxyl of Thr90 (Kovalevsky et al.,
2012). W1, which templates the position of the sugar aldehyde
group (Figure 2C), is replaced by the O1 carbonyl of the linear
L-arabinose. O1 subsequently hydrogen bonds directly to the
charged side chain of Lys183. After the ring is opened, the
Lys289 side chain gains a hydrogen atom to go from the neutral
ND2 to the positively charged ND3
+, rotating toward Asp257 as it
did in the presence of D-glucose. In addition, the catalytic water
(D2O
cat) is observed as a D2O molecule in both XI-Cd-CyclicAr-
abinose_n and XI-Ni-CyclicArabinose_n (Figures 2B and 3B).
The recent neutron structure of XI in complex with Mn2+ and cy-
clic glucose (Munshi et al., 2014) is also consistent with this
mechanism. We note that Karima¨ki et al. (2004) reported an
X-ray crystal structure of XI from Actinoplanes missouriensis in
complex with linear L-arabinose. In that structure, the O1
carbonyl of L-arabinose is rotated 180 relative to its position
in our structures and points away from M2. This structure may
represent inactive binding of linear L-arabinose to the XI active
site.
Insights into L-Arabinose Epimerization
Epimerization of L-arabinose has been proposed to follow a dou-
ble isomerization mechanism (Pastinen et al., 1999b; Ha¨usler
and Stu¨tz, 2001; Ha¨usler et al., 2001; Vuolanto et al., 2002; Santa
et al., 2005); L-arabinose is first isomerized to the intermediate
product L-ribulose and then to either L-ribose or back to L-
arabinose (Figure 6). From the similarity of the structure of
XI-Ni-LinearArabinose_n reported here to that of XI-Ni-Linear-
Glucose_n reported previously (Kovalevsky et al., 2010), it
seems likely that mechanism for the initial isomerization of L-
arabinose to L-ribulose, is similar to the hydride shift mechanism
for isomerization of D-xylose to D-xylulose and D-glucose to D-
fructose. However, it is not clear whether the mechanism for theStructure 22, 1287–13second isomerization of L-ribulose to L-ribose is also a hydride
shift. Remarkably, in a previous NMR study, a portion of the
product D-arabinose was found to be fully hydrogenous when
(2-2H)-D-ribose deuterated at carbon C2 was used as a sub-
strate (Ha¨usler et al., 2001). This could only happen if the deute-
rium exchangedwith solvent during isomerization of the interme-
diate linear L-ribulose, supporting a cis-ene-diol mechanism.
In structures of XI-Cd-Ribulose_x, XI-Ni-Ribulose, and XI-Mg-
Ribulose_x reported here, cyclic keto-pentose L-ribulose (L-ri-
bulofuranose) was observed in the XI binding site. This was a
surprise because a linear substrate was expected in XI-Ni-Ribu-
lose_x and a linear product in XI-Mg-Ribulose_x, based on pre-
vious studies of XI complexed with D-glucose and D-xylose and
either Ni2+ orMg2+ (Collyer et al., 1990; Jenkins et al., 1992; Lavie
et al., 1994; Kovalevsky et al., 2008, 2010). Similarly, in the struc-
tures of XI-Ni-Ribose_x and XI-Mg-Ribose_x, cyclic L-ribose is
present. By analogy with D-ribose (Angyal and Pickles, 1972)
both cyclic forms of L-ribose, ribopyranose and ribofuranose,
coexist in solution; at equilibrium at 30C, there would be about
60% a-L-ribopyranose, 20% b-L-ribopyranose, 14% a-L-ribo-
furanose, and 6% b-L-ribofuranose. Yet, the b-anomer of L-ribo-
furanose was bound in XI-Mg-Ribose_x, whereas the a-ribofur-
anose was found in XI-Ni-Ribose_x. These observations were
unexpected because, by analogy with the XI-Cd-CyclicAra-
binose_n complex, the more abundant L-ribopyranose was pre-
dicted to bind to XI.
In all the complexes of XI with L-ribulose and L-ribose, the cy-
clic substrates assume orientations that do not appear to be
appropriate for ring opening, with O1 of the aldose (or O2 of
the ketose) either coordinating to M1 or hydrogen bonding to
His54. A ligand binding mode very similar to that observed for
L-ribose in XI-Mg-Ribose_x has previously been found in the XI
complex with Mn2+ metal ions and the inhibitor L-ascorbic acid
(Carrell et al., 1994). Therefore, L-ribulofuranose and L-ribofura-
nose binding to the catalytically active XI-Mg complexes may be
inhibitory. The reactive complexesmay have higher energies that
would not be observed crystallographically. Furthermore, the
sugars are in orientations that would place the C1 and C2 atoms
well away from M2 after the conformational changes associated
with opening the sugar into a linear form. However, we note that00, September 2, 2014 ª2014 Elsevier Ltd All rights reserved 1297
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and that can then promote isomerization through a cis-ene-diol
mechanism with the assistance of catalytic side chains that pro-
mote and abstract protons from the substrate (Takeda et al.,
2010).
Even if XI does not follow a hydride shift mechanism for its
isomerization of L-ribulose or L-ribose, that does not explain
why L-ribulose has not been isomerized in the complexes of XI
with physiological Mg2+, and it seems likely that the configura-
tions observed in XI-Mg-Ribulose_x (and XI-Cd-Ribulose_x
because it is identical) and XI-Mg-Ribose-x are nonproductive
and do not represent Michaelis-like complexes. However, there
is the possibility that Ni2+ rather than Cd2+ inhibits ring opening
for these sugars, and that the XI-Ni-Ribulose_x and XI-Ni-Ribo-
se_x complexes do represent Michaelis-like complexes. Inter-
estingly O1 coordinates with the M1 in both of these complexes.
In the case of L-ribose, both O1 and O2 coordinate with M1 and
the ring O coordinates with His54. This arrangement suggests a
mechanism for ring opening, and a possible role for M1 in stabi-
lizing a cis-ene-diol intermediate as active site Asp287 and
Glu181 residues catalyze isomerization.
Conclusions
X-ray and neutron crystallography were combined with QM/MM
calculations to study L-arabinose isomerization to L-ribulose
with subsequent epimerization to L-ribose. Crystallographic ev-
idence and QM/MM calculations show that L-arabinose binds in
the high-energy 5S1 conformation, a result that may explain the
observed low affinity of the enzyme for this sugar. The XI catalytic
mechanism for ring opening of L-arabinose appears to be the
same as for D-glucose and D-xylose. Further, the complex of
XI with linear L-arabinose after ring opening is similar to that
with linear D-glucose, suggesting that the isomerization reaction
is the same as for D-xylose and D-glucose and most likely in-
volves a hydride shift. L-ribulose and L-ribose were found to
be in cyclic furanose forms when bound to XI, with the sugar ori-
entations in the active site dependent on the metal bound. Com-
plexes with physiological Mg2+ ions are likely inhibitory, because
no reaction was observed. However, it is possible that the
complexes of XI with L-ribulose and L-ribose and Ni2+ are Mi-
chaelis-like and that the isomerization between these two sugars
proceeds via a cis-ene-diol mechanism. Further studies are
required to confirm this hypothesis and the question of the
mechanism of action of XI. It is possible that only computation
will be able to answer this question. MD-FEP simulations indi-
cate that amino acid substitutions in a hydrophobic pocket
near C5 of L-arabinose can enhance sugar binding. It remains
to be seen by experiment whether the reported substitutions
will lead to improvements in KM. The QM/MM calculations pro-
vide insight into the conformational energetics of L-arabinose
in the active site of XI, and the MD-FEP simulations reveal key
protein-substrate interactions that govern substrate binding to
various enzyme variants. Future simulations should explore the
possibility of tailoring the XI active site to bind lower-energy L-
arabinose conformations, such as 2SO, whose geometries are
compatible with all the substrate-enzyme interactions necessary
to produce an active Michaelis complex. These findings should
prove useful in engineering efforts to improve catalytic activity
and epimerization capabilities of XI.1298 Structure 22, 1287–1300, September 2, 2014 ª2014 Elsevier LtEXPERIMENTAL PROCEDURES
Sample Preparation and Crystallography
The apo-enzyme and ternary complexes were prepared and crystallized as
described previously (Kovalevsky et al., 2010). Briefly, crystallization drops
containing apo-XI crystals were injected first with the desired metal chloride
salt and then with sugar solutions. Crystals were mounted in quartz tubes.
For neutron diffraction experiments, the lower part of each tube was filled
with deuterated ammonium sulfate/HEPES solution made with 100% D2O.
Neutron crystallographic data were collected at room temperature on the
Protein Crystallography Station at Los Alamos National Laboratory, and on
beamline D19 at the Institut Laue Langevin. The joint XN structures of XI-Cd-
CyclicArabinose_n and XI-Cd-LinearArabinose_xn were determined and
refined using nCNS (Adams et al., 2009). Detailed procedures are described
in the Supplemental Experimental Procedures. A summary of the crystallo-
graphic data is given in Tables 1 and S1.
QM/MM and MD-FEP Simulations
Atomic coordinates, including the positions of hydrogen atoms, were obtained
from the joint XN structure XI-Cd-CyclicArabinose_n. The 5S1 conformation of
L-arabinose observed in the XI-Cd-CyclicArabinose_n structure was retained
in the starting model, and the 4C1 conformation of L-arabinose was placed in
the active site by superimposing it onto the 5S1 conformation followed by QM/
MM optimization. All QM/MM simulations were performed with pDynamo
(Field, 2008) or pDynamo interfaced with ORCA (Neese, 2012) when density
functional theory was used. The QM region included the side chains of
His54 (doubly protonated), Asp57, Trp137, Glu181, Lys183, Asn215, Glu217,
His220, Asp245, Asp255, Asp257, Asp287, and Lys289; two Cd2+ or Mg2+ cat-
ions; and five watermolecules located near the substrate or metal ion (a total of
178 atoms). For MD-FEP simulations, all systems were prepared with VMD
(Humphrey et al., 1996) and simulations were performed with NAMD2.8
(Phillips et al., 2005; Figure S9b). Additional details are provided in the Supple-
mental Experimental Procedures, including Figures S9A–S9H.
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The Protein Data Bank (PDB) accession numbers for XI-Cd-CyclicAra-
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